The optimisation of a wave energy converter hydraulic power take-off for sea states of varying wave amplitude, direction and frequency is a significant problem. Sub-optimal configuration can result in very inefficient energy conversion, so understanding the design trade-offs is key to the success of the technology. This work focuses on a generic point absorber type wave energy converter. Previous work by the authors has considered the optimisation of this device for regular waves to gain an understanding of the fundamental issues. This work extends the analysis to the more realistic case of irregular waves. Simulations are performed using an irregular wave input to predict how the power take-off will operate in real sea conditions. Work is also presented on a motor speed control strategy to maintain the maximum flow of electrical power to the grid, assuming the use of a doubly fed induction generator. Finally, the sizing of key components in the power take-off is considered in an attempt to maximise power take-off efficiency and generated power.
Introduction
Renewable marine energy has attracted considerable interest in recent years, especially in the United Kingdom due to its abundance of wave energy resource. Several types of wave energy converter (WEC) device have been developed over several decades to capture the energy of sea waves. The success of a WEC depends on overcoming many challenges inherent in the operating environment, namely a requirement for minimal maintenance, storm survivability and efficient conversion of a highly variable energy source. Hydraulic power take-offs (PTOs) are generally favoured at present, due to their high energy density and robustness. This paper presents an investigation into the optimisation of a point absorber WEC hydraulic PTO for irregular waves.
The literature contains many examples of hydraulic PTO modelling, optimisation and control for WECs. In general, these papers investigate force control strategies which are implemented by tuning the hydraulic PTO. The force produced by a hydraulic PTO can be adjusted by varying the displacement of a hydraulic motor, the area of a hydraulic piston by switching in or out different cylinder chambers, or the torque of an electrical generator. All the results show an increase in power generation that is dependent on wave conditions and the specific control strategy implemented. Early work considers basic hydraulic circuits with many simplifying assumptions, but since 2010 these have become more realistic with specific component dimensions and simple loss models included in some studies.
The PTO in the Pelamis device controls the moment about each joint to four discrete levels by switching between different actuator chambers using 3 : 1 area ratio cylinders. Electronically controlled valves control the flow between the cylinders and accumulators, which enables force control to maximise power capture. Simulation work is verified by experimental data for a part and full scale rig with results showing a PTO efficiency of 80% for the primary conversion stage over a range of operating conditions. 1 A model of the SEAREV device that uses a hydraulic PTO is presented by Josset et al. 2 Non-linear hydraulic component models are used and a maximum system pressure is included to limit the PTO torque. However, power losses such as pressure drops, cylinder friction and motor leakage and friction are neglected. This model displays an induced body stall when the PTO resistance torque is greater than the torque generated by wave inputs. Results indicate that varying two parameters of the hydraulic PTO (supply pressure to the motor and generator torque) has a large influence on the power generated.
Work looking at a combined hydrodynamic and hydraulic PTO model was presented by Falca˜o. 3 A model of a heaving buoy connected to a hydraulic PTO with power smoothing accumulation is presented, but there are simplifying assumptions in the PTO model, such as infinite accumulator sizes and zero power losses. In this case, there is induced body stall when the wave force is insufficient to overcome the piston pressure force. It is shown that, by controlling this piston force, a hydraulic PTO can attain very nearly the same level of power capture as an optimal linear PTO. 3 A non-linear model of a hydraulic PTO and oscillating WEC is presented by Ricci et al. 4 The authors provide a detailed configuration of the hydraulic PTO using a rectifying circuit and accumulation for power smoothing with a fixed displacement hydraulic motor. Pressure losses across the rectifying valves are modelled. Here the generator torque is adjusted to tune the device in regular and irregular waves, and results show that there is an optimal value of torque that correlates to the dominant wave period.
A non-linear model of a hydraulic PTO and point absorber is also presented by Livingstone and Plummer 5 with sizes provided for the hydraulic components but losses not included. A Coulomb-type damping effect is observed and the PTO is tuned by varying the piston area to adjust the PTO force amplitude. Results indicate a possible power gain of 300% with a well-tuned device. Furthermore, the work investigates the possible power gains from a reactive control strategy using an artificial negative spring in parallel to the PTO model. A significant power increase is obtained but the author acknowledges that the creation of this effect would be very difficult to implement in real devices.
An oscillating wave surge converter is modelled by Kamizuru and Murrenhoff 6 with two different hydraulic PTO designs considered that include power losses. The different designs are used to compare three different control strategies. The most successful strategy, termed velocity-proportional damping, varied the hydraulic motor displacement and generator torque to control the system pressure to be proportional to piston velocity with constant generator speed. Different design concepts for the hydraulic PTO of the Wavebob point absorber device are considered by Schlemmer et al. 7 A modular approach consisting of two pumping modules and two generation modules can be combined in any desired way to give greater range in power producing capacity. Two different types of generation module are considered. First, a hydraulic transformer circuit is proposed, but this is dismissed due to the need for the primary motor to be rated at maximum input power meaning that overall conversion efficiencies would be low. Alternatively, a rectifying circuit with accumulation is considered with an extra flow path to a second hydraulic motor. The two motors have variable displacements and they are coupled to a single generator. The second motor allows the generator to be driven in low sea states when the wave force is not sufficient to overcome the accumulator pressure. However, the hydraulic model is idealised, with the only power losses modelled being pressure drops across the check valves. A damping force control strategy is proposed with the force proportional to velocity in calm seas and a constant force in normal sea conditions. Hansen 8 describes the Wavestar device using a PTO consisting of a symmetrical cylinder driven by a float. The flow produced by the cylinder drives a variable displacement motor coupled to a generator. The generator is asynchronous with an inverter for the grid connection to enable variable speed control. PTO force is controlled by varying a combination of the motor displacement and generator torque to match a demanded cylinder force signal. Losses associated with the cylinder, motor and inverter are considered. A number of control strategies are investigated with the best strategy found to be controlling the generator speed to maximise motor displacement.
To determine the gains and limitations from theoretical force control strategies and estimate more realistic power levels, it is necessary to include losses in the PTO simulation. Losses such as friction, leakage and pressure drops and undesirable characteristics such as compliance, compressibility and inertia mean that the desired force is not accurately achieved using open loop control. 9 For the specific hydraulic PTO design considered by Plummer and Schlotter, 9 power generated was only about 30% of the ideal value for some wave conditions and even negative power flow was observed in low wave power conditions.
The optimisation of a WEC hydraulic PTO for sea states of varying wave amplitude, direction and frequency is a significant problem. Sub-optimal configuration can result in very inefficient energy conversion, 9 so understanding the design trade-offs is key to the success of the technology. This work focuses on a generic point absorber type WEC and losses in the hydraulic PTO are modelled. Previous work by the authors 10 has considered the optimisation of this device for regular waves to gain an understanding of the fundamental issues. This paper extends the analysis to the more realistic case of irregular waves. The second section presents the hydrodynamics theory used to study the WEC. The third section describes the operation and theory of the hydraulic PTO mechanism. The generation of irregular wave profiles is discussed in the fourth section. In the fifth section, simulations are performed using an irregular wave input to predict how the PTO will operate in real sea conditions. The sizing of key components in the PTO is considered in an attempt to maximise PTO efficiency and generated power in the sixth section. Work is also presented in the seventh and the eighth sections on a motor speed control strategy to maintain the maximum flow of electrical power to the grid, assuming the use of a doubly fed induction generator (DFIG). Finally, the last section provides conclusions.
Hydrodynamics of the WEC
A point absorber type device is used for this study and is the same as that used in. 10 This consists of a vertical cylindrical buoy with an extended hemisphere at its lower end. The buoy has a mass of 39 tonnes, a radius of 2 m, and a draft of 4 m. A diagram of the device is shown in Figure 1 . The governing equation of motion for the buoy in heave is
where m is the mass of the buoy, € x is the buoy's acceleration, f h ðtÞ is the total wave force and ÈðtÞ is the mechanical force created by the PTO and moorings. As linear wave theory is assumed, the wave force can be decomposed as follows
f e ðtÞ is the excitation force produced by an incident wave on an otherwise fixed body. For a regular wave, the excitation force is a harmonic function of time and can be written
where F e is the complex excitation force amplitude. The excitation force is a sum of the incident and diffracted wave components. Falnes 11 suggests that, if the body is small compared to the incoming wavelength, the diffracted term can be neglected and the excitation force is simply equal to the incident wave component, which is known as the 'Froude-Krylov' force. Furthermore, since the system is linear and there is only a single degree of freedom, the excitation force amplitude is proportional to the wave amplitude such that
where H is the wave height and Àð!Þ is a real and positive excitation force coefficient which is dependent on the body's shape and the wave frequency, obtained from
where Bð!Þ is the radiation damping coefficient. For the assumed hemispherical body shape, Falnes 11 uses previous work by Hulme 12 to show that
where R H is the radiation damping coefficient for a semi-submerged sphere of radius a, given by
and E is Havelock's dimensionless damping coefficient computed by Hulme 12 ; E ¼ EðkaÞ and k is the wave number k ¼ ! 2 g given by the deep water dispersion equation.
f r ðtÞ is the radiation force which is produced by an oscillating body creating waves on an otherwise calm sea. The radiation force can be decomposed into components in phase with the buoy's acceleration and velocity 11, 13 so that
where Að!Þ is the added mass coefficient. f hs ðtÞ is the hydrostatic buoyancy force. For small heave displacements, which are expected, the hydrostatic force can be linearised so that
where is the water density, g is the acceleration due to gravity and S is the buoy cross sectional area in the x-direction.
Hydraulic PTO mechanism
Hydraulic PTOs are generally used in WECs due to their ability to deal with low frequency, high force wave inputs and their high power density and robustness. There is no standard configuration for a hydraulic PTO, with the design normally consisting of 'sets of hydraulic cylinders that pump fluid, via control manifolds, into high pressure accumulators for short term energy storage. Hydraulic motors use the smooth supply of high-pressure fluid from the accumulators to drive grid-connected electric generators'. 1 The main aim of the PTO is to convert the irregular wave input into a smooth electrical power output by decoupling the power capture and power generation processes. This is achieved using accumulators for energy storage and means that the primary element of power capture can be sized to deal with the maximum power input, and the secondary element of power generation can be sized according to the average power capture and can therefore be smaller, cheaper and more efficient.
The hydraulic PTO used in this simulation model is shown in Figure 2 . The simple circuit excludes components such as filters and coolers which would be required in the real hydraulic system. A rigid link between the buoy and the PTO means that the motion of the buoy directly drives the double-acting equal area hydraulic piston working within a fixed cylinder. This motion drives fluid through a set of four check valves to rectify the flow so that fluid always passes through the hydraulic motor in the same direction (independent of the direction of the buoy motion). A high pressure accumulator is placed on the inlet to the hydraulic motor, and a low pressure accumulator on the outlet of the hydraulic motor. The pressure difference between the two accumulators drives a variable displacement motor, which is connected to an electrical generator. The accumulators are included to maintain an approximately constant pressure differential across the motor so, assuming constant resistance, it spins at a roughly constant speed and therefore power is generated at almost a constant rate. The thermodynamic transformations in the accumulators are assumed to be isentropic, which is reasonable considering the cycle time of the device. In this work, the generator is modelled as a simple rotational damper with variable damping coefficient allowing its resistive torque to be altered. In a real circuit, there will be external leakage from the motor to tank. Therefore, to replenish the circuit and avoid cavitation in the cylinder, a boost pump is required. This is incorporated with a pressure relief valve to maintain a minimum pressure in the system, which can be adjusted by varying the pressure relief valve setting. In this case, the pressure relief valve is set to 10 bar. In reality, there will be losses throughout the hydraulic circuit such as friction in the piston, pressure losses in the pipes, leakage in the motor and torque losses due to friction in the motor and generator. These losses will depend on the specific operating conditions in the unit, which are determined by the size of certain components and the constantly changing wave conditions.
The PTO force is given by
where p 1 and p 2 are the pressures in the piston chambers, A p is the piston area and f fr is the cylinder friction force, given by
where f c and f v are the Coulomb and viscous friction coefficients, respectively. The mechanical power captured by the PTO is given by
The pressures in the cylinder are determined by integrating the following cylinder flow equations
where V i is the volume of oil in piston chamber 'i ¼ 1,2' including connected hydraulic lines, and B o is the bulk modulus of the oil. The check valve flows are given by
where K v is the valve coefficient. The flow to accumulator 'A' is found from
and the volume of oil in accumulator 'A' is given by
The flow to accumulator 'B' is found from
and the volume of oil in accumulator 'B' is given by
With isentropic compression, the pressure in each accumulator is given by
where p o is the pre-charge pressure, V o is the volume of each accumulator and is the adiabatic index. The pressure losses Áp ð Þin the pipework are calculated for a fully developed flow (q) using the D'Arcy-Weisback equation
where f is the pipe friction factor, L is the pipe length, d is the pipe diameter, o is the oil density and U f is the mean fluid velocity. The pressure drop Áp ð Þ across the check valve is obtained from the orifice equation for turbulent flow
The motor losses have been approximated using the Wilson model 14 with three dimensionless coefficients: the slip coefficient (C s ), the viscous friction coefficient (C v ) and the coulomb friction coefficient (C f ). Flow to the hydraulic motor is given by
where D m is the motor displacement, x m is the fraction of displacement used, is the dynamic viscosity of the oil and ! m is the motor speed. The motor torque is given by
resulting in rotational acceleration
where J is the inertia of the generator.
Using a simple resistive model, the generator torque is given by
where C g is the damping coefficient of the generator. Mechanical power generated by the PTO can then be found from
and the hydraulic motor efficiency is given by Table 1 shows the component parameters in the PTO. These values are not based on any specific design but are a representation of suitable sizing for the buoy size. In this idealised case the effect of the boost pump is neglected. Also only electrical generator input power is presented i.e. the generator efficiency is not considered. The high pressure accumulator ('A') has a relatively low pre-charge pressure to ensure that it charges even in calm wave conditions. Varying the motor displacement will affect the state of charge of the accumulators, which is desirable as a greater resistive force is required in higher seas. A study of accumulator sizing may provide further scope for optimization, but this is not covered here. Table 2 shows the parameters of all the other components required to calculate the losses.
Wave spectra and irregular wave profiles
Sea waves are random in nature but they can be analysed by assuming they consist of an infinite number of waves with different frequencies and directions. Wave spectra are created by decomposing an irregular wave profile into a number of component sinusoidal waves. The characteristics of the frequency spectra of sea waves are now well established and formulae have been developed by researchers such as Bretschneider, Pierson-Moskowitz, Hasselmann and Mitsuyasu. 15 Here the Pierson-Moskowitz spectrum is used, 16 which is defined as
where ! is frequency, H s is the significant wave height and T p is the peak period. From the spectrum, a finite number of sinusoidal waves can be created. Each individual wave component is created with its own amplitude and frequency characterised by the spectrum. Each sinusoidal wave is assigned with a random phase and the wave elevation time series is generated as a sum of the individual components according to
where ! i and ' i are the frequency and random phase component of the ith wave, and Á! is the frequency band calculated from
where ! max is the maximum frequency of the spectrum and n is the number of wave components. ! max ¼8p rad/s and n ¼ 1280 will be used in the following work.
Using linear wave theory means that the excitation force is generated as a sum of the individual excitation wave force components. The excitation force of each component is calculated from Figure 3 presents an example of a Pierson-Moskowitz spectrum and the corresponding wave elevation and force profile that is generated for H s ¼ 3 m and T p ¼ 10 s. This is the random-phase method that has been used in previous work to represent irregular waves with good approximation. 17 There is another method which uses filtered white noise to represent a random sea profile. The filter is designed according to a specific spectrum as described by Ketabdari and Ranginkaman 18 and Hillis. 19 
WEC behaviour
Using the wave profile from Figure 3 , the simulation model was run for 200 s with full motor displacement to produce Figures 4 and 5 .
The first noticeable characteristic is that the induced body stall is more pronounced than observed in regular waves 10 (e.g. 140-147 s). The WEC remains stationary during periods of small incident waves because insufficient force is produced to overcome the pressure in the high pressure accumulator. Furthermore, a number of consecutive large incident waves causes large WEC displacements, which increases system pressure and PTO force (e.g. 115-135 s). This emphasises the stall as upcoming waves, which may have been large enough to overcome the PTO force before are not large enough now. The PTO force still exhibits a square wave form (Figure 4 ) but its magnitude is variable due to the constantly varying system pressure. Also, the frequency of the square wave is variable as the duration of the body stall is continually changing.
The power smoothing effect of the accumulators is exhibited with the comparisons between P cap and P gen and the rectified flow (q r ) and the flow to the motor (q m ). P cap has a maximum value of approximately 150 kW compared to 18 kW for P gen which reinforces the importance of power smoothing in detaching the power capture element of the PTO from the power generating element. It means that the hydraulic motor and generator can be sized accordingly to be more efficient.
Although the accumulators are very large (200 L), the pseudo-steady state which is reached with regular waves does not exist in irregular waves. Therefore, it is necessary to examine the energy storage in the accumulators. The varying pressure and oil volumes in both accumulators are dependent on the incoming wave conditions. p A and V A increase from the initial values of 41 bar and 40 L, respectively. There is also an increase in V B but p B remains approximately constant at 14 bar, just above the pressure relief valve setting of the boost pump.
This means that some of the power captured by the PTO is stored in the accumulators as hydraulic energy instead of being turned into mechanical power that is generated by the motor. It is necessary to determine the additional hydraulic energy which is stored in the accumulators (E A,B ) and include this in the total power generated. Equations (37) to (41) show how the energy (E m ) and power (P m ) generated by the motor and the energy stored in the accumulators (E A,B ) are calculated and used to give total power P gen . Table 3 this simulation. It is understood that the additional accumulator energy is still subject to the inefficiencies of the motor when it is recovered, but this loss is neglected in the table Table 3 reveals that E B is negligible and E A is approximately 20% of E m , which means that the PTO efficiency value ( pto ) is slightly higher than in reality.
displays the corresponding values for
The wave profile which is generated from using the random-phase method is periodic over a time frame (Át) which is dependent on the resolution (minimum frequency, ! min ) of the spectrum. Therefore, to negate the energy storage in the accumulators affecting pto , in the following sections the simulation model is run for a total of 640 s, which equates to two full wave cycles. The second full cycle data are extracted and examined so that E A,B % 0 and P gen % P m , which will produce a more realistic value of pto
Although not the case in these simulations, note that in more energetic seas, the system pressure may reach the maximum system pressure of 350 bar. This is more likely when a group of large waves occur in succession. This introduces another inefficiency in the PTO as hydraulic energy is wasted as it passes through the pressure relief valve to tank. However, this is required for safety purposes and to reduce the risk of component failure. It is expected that this loss will be minimal due to the rare wave conditions which cause these pressures.
PTO tuning
In previous work by the authors, 10 an effective damping term was formulated as:
where A p is the piston area, D m is the motor displacement and C g is the generator damping coefficient. This effective damping was optimised for energy absorption by adjusting the motor displacement. To maximise the power generated in irregular waves, a similar condition of optimum PTO damping ( opt ) might exist as with regular waves. It is expected that opt would stall the device for an optimum average duration and this value would be dependent on T p of the incoming waves. It might be expected that maximum power levels would be reduced in irregular waves compared to regular waves of the same energy 20 as the device will only be optimally tuned to the wave frequency corresponding to the highest energy.
In regular waves, opt shows no variation with wave height 10 H s . Figure 6 indicates that this relationship still holds true for irregular waves, though there are some noticeable differences. With irregular waves, there is a negligible reduction in normalised power (power/H 2 s ) with H s , compared to the more marked reduction in regular waves, but the normalised power is approximately 40% of the normalised power in regular waves. As with regular waves, opt is the same whether optimising for P gen or P cap but the value (175 kNs/m) is lower compared to regular waves (225 kNs/m) with the same height and period. However, as with regular waves, pto remains approximately constant for all values of .
This result shows that, as with regular waves, the PTO can be tuned according to the wave profile by varying in order to maximise power generation. Figure 7 indicates a linear relationship between T p and the trend for opt in irregular waves, but there is a larger deviation around this trend line compared to the regular wave results, 10 due to the random nature of the waves.
In terms of power generation, Figure 8 reveals that P gen does not reduce as markedly with T p as in regular waves. P gen is lower due to the inefficiencies of the PTO, but the trend for P gen and P cap is almost identical which indicates a near constant PTO efficiency ( pto % 70%) for this range of T p values at this H s . Figure 9 shows the response of an optimally tuned hydraulic PTO in the time domain for the same wave height and T p ¼ 10 s.
Motor speed control
Within this range, P trans is the generator input power, i.e. generator efficiency is not considered. This is expressed in equation 44.
Until now, it has been assumed that all the mechanical power produced by the hydraulic motor is converted into electrical power. No consideration has been given to how the PTO will be connected to the electrical grid and what type of generator will be used in the PTO. Wind turbines face the same challenge of variable speed operation and they often use DFIGs because they offer variable speed generation in an efficient manner by using a power electronic converter. 21 They have an operational range of about AE30% around the synchronous speed of 1500 rpm so it is assumed that if the hydraulic motor speed is outside of this range no power can be transmitted (P trans ) to the grid and the generated power is wasted. Within this range, P trans is the generator input power, i.e. generator efficiency is not considered. Two further terms are introduced to analyse this effect; the transmission efficiency ( trans ) which is given by equation (44) and the total PTO efficiency ( tot ) which is given by equation (45).
tot ¼ pto trans ð46Þ Figure 10 displays the motor speed for an optimally tuned PTO in five different significant wave heights of the same wave spectrum. H s is varied by multiplying the wave amplitude by the appropriate scalar. Figure  10 and Table 4 illustrate that the magnitude of the motor speed increases with H s . They also reveal that although the accumulators are large, this does not provide sufficient power smoothing to produce a constant motor speed and the speed variation (! var ) is amplified in larger waves. This means that the motor speed is not always within the operational limits (1050-1950 rpm) of the DFIG so, at each H s , only a certain percentage of P gen can be transmitted to the grid.
For H s 5 3 m, the motor speed does not reach the lower speed limit so all of P gen is wasted. For H s ¼ 3 m, the motor speed only reaches the lower speed limit for a few seconds of the wave cycle so P trans is negligible. However, for H s 4 3 m, the motor speed is within the limits for a significant portion of the wave cycle so P trans reaches meaningful levels. Results show that the highest trans of 84% is for H s ¼ 5 m but even for this wave height the average motor speed (! m ) is still less than 1500 rpm.
It would obviously be desirable for trans ¼ 100%, so no power generated by the PTO is wasted. To do this, it is necessary to maintain the hydraulic motor speed within the generator speed limits at all times in all wave conditions. To control the motor speed, the fraction of motor displacement (x m ) must be adjusted. A proportional-integral controller, with proportional and integral gains of 0.05 and 0.01, respectively, is used to adjust x m according to the error in speed from the synchronous value with 0:1 5 x m 5 1:0. This change in x m will not be instantaneous as the swash plate positioning system of the hydraulic piston motor will have its own dynamics. It is assumed that these dynamics can be modelled as a first order transfer function (R(s)) with a time constant, ¼ 0.1 s, such that
To ensure P cap remains at its maximum, opt ðT p Þ must be maintained whilst controlling the motor speed. To maintain opt , it is necessary to continually adjust the piston area or generator load at the same rate as x m . Adjusting the generator load is the only feasible option so it must be varied alongside x m to maintain opt
Therefore, in the controller the signal to alter the generator load is passed through the same transfer function (R(s)) to ensure both signals are in phase. The block diagram of this control strategy is shown in Figure 11 . Figure 12 reveals the advantages of implementing a speed control strategy because the hydraulic motor speed remains approximately constant at the synchronous speed for the full wave cycle, so trans ¼ 100%. Without speed control, the motor speed is highly variable and is rarely within the operational limits, so trans ¼ 3:1%. Because is constant for both cases, P cap is similar but P gen is 40% lower with the speed control strategy due to the large reduction in motor efficiency ( m ), shown in Figure 13 . To maintain the required motor speed, x m is constantly varying but on average (x m ) it is at a relatively low value for this wave profile. x m ¼ 0:47 and x m even reduces to the minimum value for parts of the wave profile. m exhibits a strong correlation with x m , and so there is a significant reduction in m , and therefore in pto . The low value of x m indicates that the motor is oversized in this case and should be reduced to improve efficiency.
Control strategy evaluation
The result for the single wave profile shows a large improvement in P trans by implementing a motor control strategy. However, to fully evaluate the improvements, it is necessary to consider a number of sea states (SS). The four sea states shown in Figure 14 , created from the parameters in Table 5 , are used because they represent a range of wave conditions which the WEC could encounter. P wave is the total power available in the waves, and for each sea state opt is obtained from the trend line in Figure 7 .
For these four sea states, three strategies will be compared:
1. No PTO tuning and no speed control -Constant, maximum motor capacity (x m ¼ 1) and constant generator load (C g ) ( ¼ 100 kNs/m); 2. PTO tuning and no speed control -Motor displacement adjusted to give optimum PTO damping for Figure 11 . Control strategy block diagram. In order to size the hydraulic motor appropriately, information on the wave power at the specific site at which the device will be deployed is required. Here the motor capacity has been reduced by a factor of 3-60 cc/rev to ensure x m % 0:8 for the average wave power. The proportional and integral gains of the controller have been adjusted to 0.45 and 0.09, respectively, to ensure they have the same effect on this smaller motor. In order to maintain min ¼ 100 kNs/m, the generator resistance has been reduced so its maximum value is C g ¼ 0.19 Nm/(rad/s). The results for the four sea states comparing the three strategies with the modified PTO design are presented in Tables 6-8 . The power associated with SS1 is negligible, so the results for this sea state will not be discussed again.
With the modified PTO, control strategy 3 performs the best (Table 9 ). It gives a similar P cap to strategy 2 but it gives a larger P gen , especially for SS3 and SS4, due to a higher m from the increased x m . Furthermore, due to the speed control, trans is higher for each SS. These combined effects result in a much larger P trans for each SS using control strategy 3. The advantages are clear to see for SS3 in Figures 15 and 16 . It gives the largest overall P trans for the majority of the cycle because the motor speed is always within the limits and the motor efficiency is generally higher so the magnitude of P trans is also predominantly higher.
It is noted that a drop in P trans is seen for strategy 3 at approximately 370 s despite the motor speed remaining within the synchronous limits. This is due to the reduction in motor displacement, as seen in Figure 16 , which leads to a reduction in torque and subsequent unloading of the generator through the speed control strategy. The reduced generator torque results in reduced P trans . Table 10 provides a summary of the results for this strategy for both PTO designs and it reveals the benefits of the smaller hydraulic motor and generator load in the modified PTO. There is an increase in P cap for each SS compared to the initial PTO, especially for SS2. This indicates a better tuned PTO and an increase in power capture efficiency. P gen is also higher for each SS due to the higher m from the increased x m . Figure 17 displays these improvements. It shows that for the both PTOs, the motor speed does not remain constant in SS3 because the motor capacity is either too large for the initial PTO or too small for the modified PTO, to maintain the synchronous speed for certain flows. However, the motor speed remains within the operational limits for both PTOs during these periods so importantly no power is lost. However, P trans is higher for the modified PTO mainly because of the increased m , shown in Figure 18 . All these combined improvements mean a significant increase in P trans for SS2 (43%) and SS3 (50%). For SS4, there is a small reduction (15%) in P trans due to the reduced trans , but this loss is limited by the increase in pto . In larger waves, the smaller capacity motor can not continually maintain the motor speed within the required range so the upper limit is exceeded for a short period of time. Overall though, it is predicted that SS4 will be less frequent than SS2 and SS3, so when all sea conditions are considered, the modified PTO will provide significant gains in transmitted power. 
Conclusions
Using the Pierson-Moskowitz spectrum, the random phase method was applied to create the wave elevation and excitation force profile to represent an irregular wave. Using this input, the behaviour of a point absorber WEC with a hydraulic PTO was examined. As expected, no pseudo steady state is reached and the behaviour of the device is very changeable. Induced body stall occurs but the period of stall is varying. The pressure and volume of the accumulators to continuously vary in an attempt to maintain a relatively constant motor speed.
In terms of tuning, a linear trend between optimum PTO damping and peak wave period is observed but values differ from those for a regular wave input. 10 The power captured by the hydraulic PTO is low in comparison to regular waves of the same wave height.
Consideration was given to how the mechanical power generated by the PTO would be transmitted into electrical energy. It was assumed that a DFIG would be used, as in wind turbines. It was assumed that power is transmitted if the speed of the hydraulic motor is within the range of AE30% of the generator synchronous speed. A feedback controller is therefore needed to maintain the motor speed within these limits by altering the fraction of motor displacement. The generator load must also be altered to maintain optimum PTO damping and ensure maximum power capture.
The gains in transmitted power resulting from the use of motor speed control are clear but, due to the low flows and large hydraulic motor in the original design, the fraction of motor displacement is very low for all of the sea states investigated. This causes a low motor efficiency, a low PTO efficiency and a reduction in power capture, which all amounts to a reduction in generated power. Therefore, in an attempt to increase PTO efficiency, a smaller hydraulic motor and generator load was introduced. This was found to increase the transmitted power for most sea states by increasing the capture, PTO and transmission efficiency. There was a slight decrease in the transmitted power for the largest sea state, but this sea state is expected to be less frequent so overall there will be significant power gains for the device.
These results show that the motor efficiency has a big effect on the transmitted power. If motor control is implemented, the full range of motor displacement is utilised in all sea states to maintain the generator synchronous speed. Hydraulic motor efficiency exhibits a strong correlation to part displacement, so it would be desirable to maintain a constant, high motor efficiency for all displacements. Therefore, ideas such as generating modules with smaller motors that can be switched in and out depending on the incoming wave power have been proposed 7 but no results have been published. Likewise, Digital Displacement Õ pumps and motors have been developed to increase efficiency, especially at part load, so they are a possible solution to this problem because they would allow a larger motor to be implemented whilst not compromising the motor efficiency at part load. 22 Moreover, a combination of the two could give the best overall solution.
Finally, it is worth noting that even with this control strategy, optimal PTO tuning and a more efficient PTO design, the power levels are still relatively low for a device of this size and the generator losses have not been included.
